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Introduction
Yesicular-arbuscular mycorrhizae (YAM) often stimulate plant growth, particularly under nutrient-Iimiting conditions where they facilitate nutrient uptake (Hall et al. 1984 , Saif 1987 . Their role in promoting phosphorus uptake has been a central focus of study (Fitter 1985) , but a wide variety of other effects beneficial to plant growth have been documented, ranging from protection from heavy metal toxicity (Bradley et al. 1981 ) to improved water relations and enhanced photosynthetic rates (Allen et al. 1981) . YAM associations are widespread in natural grasslands and may have profound implications for ecosystem processes. An extensive survey of the British flora found that 87% of 173 grass species surveyed, representing 60% of the total graminaceous flora, supported YAM (Harley and Harley 1987) . YAM form a network through which material can be transferred between individuals of the same or different plant species and therefore have the potential to affect such ecosystem and community processes as energy flow, nutrient cycling, competition, and species diversity (Chiarello et al. 1982 , Grime et al. 1987 . Among different types of ecosystems, arid and semiarid grasslands and shrub lands seem to be particularly influenced by associations between V AM and the dominant plants (Miller 1987) .
Although most evaluations of the importance of V AM have concentrated on the proportion of total root length containing hyphae, experiments on a soil-P gradient indicated that extramatrical hyphal extension was much more strongly influenced by nutrient availability than was internal infection . Jastrow et al. (1987) assayed extramatrical mycorrhizae in restored tallgrass prairie plots in Illinois, but in spite of the evidence for the potential role of mycorrhizal associations in ecosystem nutrient and energy flow, we know of no quantitative survey of extramatrical hyphal abundance across abroad range of habitats in a natural ecosystem. This paper reports such a survey for the Serengeti National Park, Tanzania, avast, unmanaged game reserve with broad ranges of climate and soil fertility (McNaughton 1983 (McNaughton , 1985 , where mycorrhizal associations have been documented to have potentially Table 1 . Species of C4 grasses under which soil was collected and assayed for extramatric vesicular-arbuscular mycorrhizae abundance. Notations: P = perennial, A = annual, S = short grass, M = mid grass, T = tall grass.
Andropogon greenwavi Napper P, S Bothriochloa inscupta (A. Rich) A. Camus P, S Chloris gayana Kunth P, T Chloris pycnothrix Trin. A, S Chrysochloa orientalis (Hubbard) Swallen P, S Cymbopogon excavatus (Hochst.) Stapf. P, T Digitaria macroblephara (Hack.) Stapf. P, S Echinochloa haploclada (Stapf.) Stapf. P, T Eustachys paspaloides (Vahl) Lanzr & Matte P, S Heteropogon contortus (L.) R. & S. P, M Hyperthelia dissoluta (Steud) Stapf. P, T Kyllinga nervosa (Steud) (Cyperaceae) P, S Loudetia kagerensis (K. Schum) Hutch P, T Panicum coloratum L. P, M Pennisetum mezianum Leeke P, M Sporobolus fimbriatus (Trin.) Nees P, M S. iocladados (Trin.) Nees P, S S. pyramidalis P. Beauv. P, M Themeda triandra (Nees) Stapf. P, M samples were collected during the wet season when plants were actively growing. Sampling was designed to encompass a broad range of environmental conditions in the ecosystem, over a rainfall range from 500 to 1100 mm annually, and a substantial edaphic gradient (McNaughton 1985) . Each soil sample was paired with a sample of the youngest fully expanded leaf blades of the individual grass under which the soil had been sampled. Both soil and plant material were analyzed by Inductively Coupled Plasma for B, Ca, Co, Cu, Fe, K, Mg, Mn, Na, P, and Zn using standard sample handling and quality control protocols (McNaughton 1988) .
Extramatrical mycorrhizal hyphae were assayed by a modification of the membrane filter technique (Hanssen et al. 1974 , Abbott et al. 1984 ) described by Miller et al. (1987) . Four grams of air-dried soil from each site were placed into 400 ml of deionized water and blended for 30 s. The mixture was transferred to a container on a stirring plate and, while stirring, three 20 ml aliquots were removed. Each aliquot was then centrifuged at 1475 g for 5 min and supernatants were vacuum filtered onto a 0.8 I!m pore size cellulose nitrate filter. Hyphae were then stained by covering the filter with 0.5% trypan blue in lactic glycerol for ten minute while still in the filtration apparatus. The stain was removed with water and further vacuum filtration. Once dried, the filter was mounted in immersion oil on a slide. Counts were made with a compound microscope (160 x) using the interception technique described by Newman (1966) . Hyphal diameters were measured at 1000 x with a calibrated eye piece. Since length and volume were strongly correlated (r = 0.88, P<0.001), we present only length as a measure of hyphal abundance. An obvious possible problem with the membrane filter technique is that V AM hyphae must be distinguished from other soil fungi on the basis of morphological characteristics (Abbott et al. 1984) . Other scientists important ecological effects in laboratory studies (Wallace 1981) .
Methods
Samples of the upper 10 cm of soil directly beneath clones of locally dominant grass species in 35 stands in the Serengeti National Park, Tanzania, were collected by soil coring directly through crowns. All were C4 grasses except for one species of C4 sedge (Table 1) ; C4 species are exclusively represented in the tropical graminoid flora of the Serengeti (McNaughton 1983). All Table 1 ; capital letters for genera and lower case for species when more than one genus begins with the same letter.
\)4 OIKOS 59.1 (1990) (Kucey and Pau11982, Jastrow et al. 1987) have found that this presents little difficulty, however, and our case was mitigated by the relatively large size of individual hyphae which made it possible to observe well-characterized diagnostic features such as varying thickness of individual hyphae, aseptate angular branching, bumps on walls and color (Harley 1959, Kucey and Paul 1982) . Occasionally, however, the procedure involved subjective decisions. For this reason, only one person did the counting and worked "blind", without any information regarding the sample being processed.
Results
The 35 sites encompassed a very broad range of soil fertility. Total soil mineral concentration ranged from 0.17% in the northern, tall-grass areas to 4.76% in the southeastern shortgrass plains. Mineral content was positively related to soil organic matter (r = 0.73 p < 0.00001), which varied from 2.5 to 12.4%. This broad soil gradient was associated with a much narrower range in plant nutritional status: total mineral nutrient concentration in leaf tissue ranged from 1.91% to 5.4% . Soil concentration of individual nutrients varied in the same direction as the sum of all other nutrients (Table 2) with correlation coefficients ranging from 0.75 in the case of Fe to 0.97 for Zn. Total hyphallength ranged from 0.03 to 6.95 m g-1 soil. It was negatively correlated with soil organic matter, mineral content ( Fig. 1 ) and the level of each nutrient in the soil (Table 2 ). Correlation coefficients of soil hyphallength with most nutrients ranged from -0.50 to -0.64. To test the hypothesis that extramatrical hyphal length was associated with a narrower variation in plant mineral status compared with the variation in soil fertility, the correlation was determined between the ratio of plant to soil nutrient concentration and the amount of hyphae in the soil. Both parameters were positively and significantly correlated for all nutrients except Fe (table  2) . Mycorrhizae were thus associated with the ability of plants to partially "buffer" variation in soil fertility. Mycorrhizae, however, were not associated with the actual nutritional status of the plants assessed through leaf nutrient concentration (Table 2) .
Discussion
Extramatrical mycorrhizal abundance varied substantially across the Serengeti ecosystem in a trend counter to the soil fertility gradient. Plants growing on the more fertile volcanic soils of the SE were associated with much lower extramatrical hyphal lengths than those growing on the more infertile, granitic soils elsewhere in. the ecosystem. Our values of hyphal length for this tropical ecosystem fell within the lower third of a range of values reported for a temperate tallgrass prairie (Jastrow et al. 1987) . Controlled experiments have documented the role of mycorrhizal associations in ameliorating plant nutritional stress under low fertility culture (Hall et al. 1984 , Saif 1987 , particularly under low levels of phosphorus, a nutrient whose low mobility in the soil makes uptake highly dependent on the amount of absorbing surface (Abbott and Robson 1984, Fitter 1985) . Our results showed that mycorrhizal abundance in a natural ecosystem decreased as soil fertility increased, but no single nutrient appeared particularly important in explaining the variation in hyphal density. Mycorrhizae have been shown to respond to gradients of nutrients other than phosphorus (Hayman 1975) and to affect the absorption of a variety of nutrients (Anderson and Liberta 1989); furthermore, the highly correlated relationships between different soil nutrients in our data set would obscure the potential role of any particular nutrient.
From an ecosystem perspective, this pattern of mycorrhizal density suggests that mycorrhizae act as stabilizers of nutrient cycling. The positive association between extramatrical hyphal density and the ratio of plant to soil nutrient contents suggests that mycorrhizae functionally compensate for wide scale variation in soil fertility since the nutritional status of the plants is not proportionally affected by differences in soil nutritional status. This stabilizing action is further evidenced by the lack of association between plant mineral content and mycorrhizal abundance. The results suggest that mycorrhizal associations at low fertility sites maintained plant mineral contents similar to, or only slightly lower than, those found at high fertility sites with low mycorrhizal abundance. This pattern may be driven by plant investment in mycorrhizae based on the balance of mineral or carbon limitations to growth.
The buffering activity of the mycorrhizae affects the nutritional value of the forage and thus affects the herbivore trophic level. Tropical grasses are often deficient in mineral elements required by grazing ungulates (McDowell 1985) . Their mineral content has been shown to affect the spatial distribution of animals in natural environments (McNaughton 1988) , the movements of migratory ungulates (McNaughton 1990) , and animal performance in domestic systems (McDowell 1985) . During the dry season in the Serengeti ecosystem, the most abundant grazers are forced to migrate to more mesic, but less fertile, habitats. During that journey, they move down a 28-fold gradient of soil fertility, but experience less than a 3-fold reduction in forage mineral content. Our results present correlative evidence that mycorrhizae play an important role in attenuation of expression of the soil nutrient gradient in forage quality.
In spite of their consistency, the patterns described above rarely explained more than 40% of the variance in mvcorrhizal or nutritional variations. This relativelv high unexplained variance may in part reflect our deliberately heterogeneous sampling which included eight different landscape-types, different topographic positions within landscapes, and 19 different grass species within an area of over 12000 km2. The different landscapes and topographic positions encompass abroad range of soil texture, pH, and organic matter (McNaughton 1983 (McNaughton , 1985 that may differentially affect the proportion of total soil nutrient content that actually becomes available to the plants (Barber 1962) . Plants may support a given biomass of mycorrhizae according to nutrient availability which may be only loosely related to the total amount of nutrients in the soil. Interspecific differences in the tendency of plants to exhibit mycorrhizal colonization have been widely recognized (Harley and Harley 1987) and may have been an additional source of variation in our diverse data set. For example, Serengeti grasses have been shown to differ in their allocation to root growth and in the roots' intrinsic ability to absorb nutrients (McNaughton and Chapin 1985) . These differences may determine different optimal solutions to the tradeoff between benefits and costs of a mycorrhizal association (Koide and Elliot 1989) .
In conclusion, extramatrical hyphal density varied broadly across a natural tropical ecosystem in away that is consistent with a role in stabilizing plant nutritional status across edaphic gradients. Greater mycorrhizal abundance was associated with lower soil fertility and an attenuation of the translation of soil fertility variations into variations in the mineral nutrition of plants and herbivores. Experimental manipulations obviously would be necessary to establish casual relationships between mycorrhizal and nutritional variables and to account for unexplained variation around the observed patterns.
